
Published: May 03, 2011

r 2011 American Chemical Society 4767 dx.doi.org/10.1021/ac200227v |Anal. Chem. 2011, 83, 4767–4774

ARTICLE

pubs.acs.org/ac

Immunoassay for Phenylurea Herbicides: Application of Molecular
Modeling and Quantitative Structure�Activity Relationship
Analysis on an Antigen�Antibody Interaction Study
Meng Yuan,† Bing Liu,† Enmei Liu,† Wei Sheng,† Yan Zhang,† Angus Crossan,‡ Ivan Kennedy,‡ and
Shuo Wang*,†

†Key Laboratory of Food Nutrition and Safety, Ministry of Education of China, Tianjin University of Science and Technology,
Tianjin 300457, China
‡Faculty of Agriculture, Food and Natural Resources, University of Sydney, New South Wales 2006, Australia

Phenylurea herbicides (PUHs) are a class of widely used
herbicides for pre- and postemergence control of germinat-

ing broadleaf weeds and grasses in agricultural crops.1 Further-
more, they are also employed by the public sector for weed
control in right-of-ways and for landscape maintenance.2 How-
ever, they may provide health and environmental risks because of
their easymigration from crops to soil and runoff to groundwater.
As a result, PUHs should be monitored and controlled strictly.

Governmental agencies have set limitations on the levels of
PUH residues according to toxicological data. Several conven-
tional detecting methods for PUH residues have been performed
with chromatographic techniques, such as gas chromatography
(GC),3,4 gas chromatography�mass spectrometry (GC/MS),5,6

liquid chromatography (LC),7�9 and liquid chromatography�
mass spectrometry (LC/MS).6,10,11 Surface plasmon resonance
(SPR)-based immunosensor12 and capillary electrophoresis
(CE)13 methods have also been applied on PUHs determination.

Although instrumental methods are sensitive and accurate,
they are expensive and time-consuming. Immunoassays, which
are based on antigen�antibody interaction, can avoid the draw-
backs of chromatographic techniques. They are extremely effec-
tive for monitoring and detecting hazardous residues in food and
environment samples. Several enzyme-linked immunosorbent

assays (ELISAs) have been developed for detection of PUH
residues. But most of them had limited specificity, detecting only
a single compound or just a few PUHs.1,2,14�16

However, because of limited understanding of the antigen�
antibody reaction mechanism, hapten designs in the methods
quoted and in immunoassays are still being developed based on
trial and error.17 In addition, to raise an immunoassay with broad
specificity requires all structural analogues to be detected simul-
taneously. Research on immunoassay has rarely focused on the
mechanism of antigen�antibody interaction. Since the 1990s,
computer-aided molecular modeling (CAMM) and quantitative
structure�activity relationship (QSAR)methods have been used
for some preliminary guidance on immunoassay development.18

They were mainly used (1) to design relatively reasonable
haptens for improving antibody recognition and (2) to explain
cross-reactivities of structural analogues.17,19�21 In previous
studies, most models were built based on whole molecular
structures of analytes, while the effects of substructures and
fragments rarely received much attention.
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ABSTRACT: An indirect competitive enzyme-linked immunosorbent
assay (icELISA) for 12 phenylurea herbicides (PUHs) was established
with the half-maximum inhibition concentration (IC50) of 1.7�920.7
μg L�1. A method of computer-aided molecular modeling was established
in quantitative structure�activity relationship (QSAR) studies to obtain a
deeper insight into the PUHs’ antibody interactions on how and which
molecular properties of the analytes quantitatively affect the antibody
recognition. A two-dimensional (2D)-QSAR model based on the Hansch
equation and a hologram QSAR (HQSAR) model were constructed, and both showed highly predictive abilities with cross-
validation q2 values of 0.820 and 0.752, respectively. It was revealed that the most important impact factor of the antibody
recognition was the PUHs’ hydrophobicity (log P), which provided a quadratic correlation to the antibody recognition.
Hapten�carrier linking groups were less exposed to antibodies during immunization; thus, groups of the analytes in the same
position were generally considered to be less contributive to antibody recognition during immunoassay. But the results of
substructure-level analysis showed that these groups played an important role in the antigen�antibody interaction. In addition, the
frontier-orbital energy parameter ELUMO was also demonstrated as a related determinant for this reaction. In short, the result
demonstrated that the hydrophobicity and the lowest unoccupiedmolecular orbital energy (ELUMO) of PUHmolecules weremainly
responsible for antibody recognition.
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In this work, an indirect competitive ELISA (icELISA) based
on one monoclonal antibody (mAb) for 12 PUHs was estab-
lished. After optimization of the assay, antibody affinities to
different PUH analytes were detected, with the IC50 values from
1.7 to 920.7 μg L�1. In order to obtain insights into what
properties and how groups of the PUH molecules affect the
antigen�antibody interaction, molecular modeling and QSAR
methodologies were carried out.

On the basis of these cross-reactivity values together with
calculated molecular structural parameters of 12 PUHs, a two-
dimensional (2D)-QSAR model in consideration of the Hansch
equation and a hologram QSAR model were constructed. Both
models showed good correlations, high predictive abilities, and
reasonable explanations. In addition, a substructure-level 2D-
QSAR was carried out to investigate the impacts of substructures
on antibody recognition. The conclusions from these models or
analytical tools confirm each other well.

’MATERIALS AND METHODS

Chemicals and Reagents. Standards of diuron, monuron,
chlorbromuron, linuron, neburon, isoproturon, fluometuron,
fenuron, metabromuron, chlorotoluron, buturon, monolinuron,
3,30,5,50-tetramethylbenzidine (TMB),N,N-dimethylformamide
(DMF) 99.8%, complete and incomplete Freund’s adjuvant,
N-hydrosysuccinimide (NHS) 98%, N,N0-dicyclohexylcarbodii-
mid (DCC) 99%, bovine serum albumin (BSA), ovalbumin
(OVA), 8-azaguanine, and poly(ethylene glycol) (PEG) 4000
were purchased from Sigma-Aldrich (Missouri, U.S.A.). Goat
antimouse IgG (H þ L) HRP conjugate was purchased from
Promega (Madison, U.S.A.). Dimethyl sulfoxide (DMSO) 99.9%
was obtained from E. Merck (Darmstadt, Germany). Protein G
sepharose 4 fast flowwas fromGEHealthcare (New Jersey, U.S.A.).
Dulbecco’s modified Eagle’s media (DMEM), hypoxanthine�
aminopterin�thymidine (HAT), and hypoxanthine�thymidine
(HT) were from GIBCO, Invitrogen (California, U.S.A.).
Myeloma cell line P3-X63-Ag8.653 was obtained from Shandong
Agricultural University (Shandong, China). Mouse antibodies
isotyping kit was from Cell-Way Lab (Henan, China).
Phosphate-buffered saline (PBS) containing sodium azide

(0.01 M, pH 7.4) was used for diluting immunoreagents and
samples. Phosphate-buffered saline with 0.05% Tween 20
(PBST) was for washing microtiter plates after each reaction
step. Carbonate buffer containing sodium carbonate and sodium
bicarbonate (0.05 M, pH 9.6) was used for coating coating-
antigen on microtiter plates.
Preparation of Hapten and Hapten�Protein Conjugates.

Hapten with a five-carbon spacer arm to expose the epitope was
prepared in our laboratory, and its chemical structure is shown in
Figure 1. Hapten was conjugated to BSA and OVA by an active
ester method to obtain the immunogen and coating-antigen,
respectively.
Production of Monoclonal Antibody. Five injections of

immunogen at 2 week intervals were given to Balb/c female

mice (6�7 weeks). The mouse that showed the best properties
was selected to be a spleen donor for hybridoma production. One
week after the fifth immunization, it received a final injection.
Three days later, spleen cells were collected and fused with
myeloma cells. Tested by icELISA, positive hybridomas were
selected and cloned by limited dilution. After twice subcloning,
monoclonal hybridomas that produced diuron-specific anti-
bodies were selected to intraperitoneally inject to each pretreated
mouse. Ascites fluids were obtained, and the immunoglobulin
isotype of the mAb was identified. After purification by protein
G sepharose 4 immunoaffinity chromatography, antibodies were
used to establish an ELISA method.
ELISA Procedure. Hapten�OVA conjugate was coated to

polystyrene 96-well microtiter plates. After the blocking step,
analytes and antibodies were added to competitively react in each
well. Peroxidase-labeled secondary antibodies were incubated,
and then substrate solution was added. The absorbance was
recorded at a primary wavelength of 450 nm with a reference
wavelength of 650 nm after the stop of reaction. PBST was used
to wash the plate after each step. Details of the optimized
icELISA procedure are shown in the Results and Discussion
section. The icELISA was used to determine mAb affinities and
cross-reactivities (CRs).
Calculation. Microsoft Excel 2010 software was used on

calculating inhibition ratios, IC50 values, and limits of detection
(LODs). Inhibition ratio was defined as below:

inhibition ratio ¼ AControl � AInhibit

AControl � ABlank
� 100%

(A refers to absorbance, control wells were nonanalytes, blank
wells were both nonantibodies and nonanalytes.)
IC50 value (μg L�1) refers to the concentration of analytes

when the inhibition ratio is 50%. The cross-reactivity values were
calculated according to the following equation:

CR ¼ IC50ðdiuron, μg L�1Þ
IC50ðanalyte, μg L�1Þ � 100%

MolecularModeling andQSARAnalysis. EnergyMinimization.
Minimum energy conformations of all PUH structures were calcu-
lated using geometry optimization modules in ChemBio3D 11.0
and Hyperchem 8.0. To preoptimize the structures, molecular
mechanics force field MM2 was used (ChemBio3D, minimum
rms as 0.042 kJ/mol.Å).22 After that, the Austin model 1 (AM1)
semiempirical quantum chemical method was used to obtain mini-
mum energy conformations until the root mean square (rms) of
the gradient became less than 0.021 kJ/mol 3Å (Hyperchem, 585
maximum cycles).23

Molecular Alignment. The common chemical structure of 12
PUHs is shown in Figure 2. Different groups in 12 PUHs labeled
as R1, R2, and R3 are shown in Table 1. In addition, atoms
C1�C6, N7, and C8 of energy-minimized PUH molecules were
chosen to match such atoms in diuron by the method of frame

Figure 1. Chemical structure of the hapten. A five-carbon spacer arm
was introduced to diuron to expose the epitope.

Figure 2. Common structure of PUHs. R1, R2, and R3 represent
different groups on PUH molecules.
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alignment with Sybyl-X 1.1 software. Aligned molecules showed
how different groups affected molecular structures.
Traditional 2D-QSAR and Substructure-Level 2D-QSAR. On

the basis of the energy-minimized PUH structures, molecular
parameters were calculated with ChemBio3D 11.0 and Hyperch-
em 8.0. These parameters included molecular volume, dihedral
angle, surface area, principal moment, polarizability, hydration
energy, log of the octanol/water partition coefficient (log P),
molar refractivity, refractivity, dipole moment, the lowest un-
occupied molecular orbital energy (ELUMO), the highest occu-
pied molecular orbital energy (EHOMO), and differences between
ELUMO and EHOMO (ΔEH�L).�log IC50 defined as pIC50 values
were introduced as the dependent variable. The IC50 and cross-
reactivities were calculated in mass units in respect to the
immunoassay’s conventional use. But as an antigen�antibody
reaction is a molar-dependent quantity,18 molar units were used
in structure�activity relationship studies. Calculated molecular
parameters were used as independent variables, and correlation
analysis with pIC50 values was performed. Stepwise multiple
linear regression analysis was carried out based on the largest
correlated descriptors. The predictive ability of the model was
determined by “leave-one-out” (LOO) cross-validation, which
involves using a single observation from the original sample as
the validation data and the remaining observations as the
training data.
To understand what groups in the molecules can play im-

portant roles to antibody recognition, a substructure-level QSAR
analysis was raised. PUH molecules have been divided into four
substructures (Figure 2), and properties of each group were
calculated. Surface areas, polarizabilities, log P, and refractivities
of the four substructures were obtained. Together with the whole
molecular properties mentioned above, correlation analysis was
performed and substructure impacts were analyzed. Calculations
were made assisted by PASW Statistics 18.0 software.
Hologram QSAR. The molecular hologram representation

(HQSAR) package in Sybyl-X 1.1 was used. PUH molecular
structures were imported into a Sybyl database. Hologram
lengths, atom count in fragments, and information sources were
optimized, and the best model with the least standard error was
selected to run anHQSAR.HQSAR converted themolecules of a
data set into counts of their constituent fragments. These
fragment counts were then related to biological data using partial

least-squares (PLS) analysis.24 pIC50 was used as the dependent
variable, and HQSAR parameters were used as independent
variables to establish a model. Fragments contribution to pIC50

was illustrated by encoded colors.
Sample Analysis. Haihe River water samples free from PUH

residues (checked by HPLC) were collected in Tianjin, China.
PUHs were spiked to sample water (4, 20, and 100 μg L�1 for
neburon; 20, 100, and 500 μg L�1 for diuron; 400, 2000, and
104 μg L�1 for the other PUHs; three replicates for each test).
After being 10-fold diluted by PBS, spiked samples were per-
formed by measuring their absorbance values in the standard
curve, which ran on the same plate to assess the ELISA
recoveries.

’RESULTS AND DISCUSSION

Monoclonal Antibody Production and Optimization of
the ELISA Procedure. After limited dilution cloning and screen-
ing, a hybridoma named 32B4F3G6 that can secrete the highest
specificity antibodies to PUHs was obtained. As the immuno-
globulin isotype was identified as IgG1 by a mouse antibodies
isotyping kit, protein G sepharose 4 immunoaffinity chromatog-
raphy was used to purify the ascites fluids.25 mAb was obtained
and used for establishing an ELISA on detecting PUHs. The
optimized ELISA procedure is described as below: 5 ng/well of
coating-antigen was coated to microplates at 4 �C for 16 h.
Afterward, 200 μL of 1%BSA�PBSTwas used to block each well
at 37 �C for 1 h. Then analytes and antibodies were simulta-
neously added and incubated for 1 h at room temperature,
following by a secondary antibody incubation at 37 �C for
30 min. Chromogenic substrate was added to characterize
the reaction. After each step, a three times PBST wash was
carried out.
Immunoassay Specificity. The chemical structures, IC50

values (μg L�1), and cross-reactivities of 12 PUHs are reported
in Table 1. It was obvious that mAb showed the best sensitivity to
the herbicide neburon which had the most similar structure to
the hapten (IC50 = 1.7 μg L

�1). With the same R1 and R2 groups
as the hapten and a considerable length change in the R3 group,
diuron also had a high sensitivity (IC50 = 7.7 μg L�1). Although
structures of isoproturon and chlorotoluron were more different
compared to the two herbicides mentioned above, they were also

Table 1. Structures, IC50, Cross-Reactivities (CRs), and (log P)2 of the PUHsa

analytes R1 R2 R3 IC50 (μg L
�1) CRs (%) (log P)2

hapten Cl Cl (CH2)5COOH

neburon Cl Cl (CH2)3CH3 1.7 460.8 0.476

diuron Cl Cl CH3 7.7 100.0 0.268

isoproturon CH(CH3)2 CH3 24.8 30.9 0.653

chlorotoluron CH3 Cl CH3 40.7 18.9 0.020

linuron Cl Cl OCH3 171.1 4.5 0.120

monuron Cl CH3 179.4 4.4 0.087

buturon Cl CH(CH3)CCH 184.0 4.2 0.154

chlorbromuron Br Cl OCH3 200.7 3.8 0.005

fluometuron CF3 CH3 452.2 1.7 0.246

metobromuron Br OCH3 748.0 1.0 0.023

monolinuron Cl OCH3 835.0 0.9 0.015

fenuron CH3 920.7 0.8 0.005
a Positions of R1, R2, and R3 groups are labeled on the common structure in Figure 2.
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detected sensitively with IC50 values of 24.8 and 40.7 μg L�1,
respectively. In addition, all IC50 values of the remaining eight
PUHs, including linuron, monuron, buturon, chlorbromuron,
fluometuron, metobromuron, monolinuron, and fenuron, were
lower than 1 μg mL�1. Since LODs (defined as IC15,

26�28

0.4�38.2 μg L�1) of all 12 PUHs were lower than MRLs of
most fruits, vegetables, and grains in the European Union,
Australia, and Japan, this broad-selective ELISA can be used as
an effective tool on monitoring and detecting PUH residues.
Furthermore, the results suggested that, due to changes of R1,
R2, and R3 groups, antibody recognition may vary in a wide
range.
However, it was not obvious which and how much molecular

properties affected the antigen�antibody interaction, due to the
lack of information about the PUHmolecules’ 3D conformations
and relative physicochemical properties.
Molecular Alignment. In order to obtain the PUH 3D

conformations of the stable state that may provide insights into
antibody recognition, the energies of every PUHmolecules were
minimized and all structures were aligned. Minimum energy
conformations were obtained with MM2 force field calculation
followed by an AM1 method. Twelve conformation-optimized
PUH molecules were imported to a Sybyl database. The com-
mon structure of the phenylurea group was chosen to be the
reference alignment atoms (atoms 1�8, Figure 2). The result is
shown in Figure 3. In total, all molecules were well-aligned on the
benzene rings. It was indicated that neither of the R1 or R2
groups significantly affected the molecular steric structures
because of the rigidity of the phenyl ring. However, it was
obvious that the R3 group had a greater impact on the direction
and bond angle of the carbonyl group on phenylurea. It is
probable that steric structures and electronic characteristics of
R3 affect the whole molecule because of the urea group being
directly connected to the R3 group. Thus, the R3 group can be
assumed as having an important impact on antibody recognition.
However, how the variation of molecular properties affected

antibody recognition from the quantitative point of view was not
obvious in this alignment study. Therefore, QSAR was intro-
duced and used on the study of antigen�antibody interaction.
2D-QSAR. Traditional 2D-QSAR. It is well-known that the

biological activity of a compound often increases as its lipophi-
licity rises. But although the lipophilicity keeps increasing,
biological activity usually descends eventually. In this respect,

Ferguson supposed that if compounds are so lipophilic that they
cannot sufficiently dissolve in a aqueous environment, the
concentration transported actually reduces, therefore decreasing
the biological activity.29 On the basis of this assumption, Blaney
and Hansch proposed that the model of biological activity to
hydrophobic of compounds should be a parabola.30 The Hansch
equation increases the predictive ability of the structure�activity
relationship by introducing hydrophobic, electrical, and steric
parameters as below:

log 1=C ¼ k1 log Pþ k2ðlog PÞ2 þ k3σ þ k4Es þ k

log 1/C is the logarithm of the biological activity value; log P is
the logarithm of the octanol/water partition coefficient; σ is the
Hammett electrical parameter; Es is the Taft steric parameter.
In this study, minimum energy conformations were collected

and used for parameters calculation. Steric properties of PUH
molecules were considered, and relative parameters (molecular
volumes, dihedral angles, and surface areas) were obtained. In
addition, frontier-orbital parameters, including ELUMO, EHOMO,
and ΔEH�L, were calculated. Other physicochemical parameters
(principal moments, polarizabilities, hydration energies, log P,
molar refractivities, and dipole moments) were also introduced.
All parameters were taken into correlation analysis and multiple
linear regression analysis; pIC50 was defined as the dependent
variable. In view of the Hansch equation, (log P)2 and log P were
used to represent the PUHs’ hydrophobicity.
The result of correlation analysis showed that the value of

(log P)2 had the highest correlation to pIC50 (r = 0.748). Mean-
while, correlations between pIC50 and ELUMO or polarizability
were 0.716 and 0.647, respectively. However, the correlation value
of log P was only 0.084. Values of (log P)2 are shown in Table 1.
A traditional 2D-QSAR model was constructed based on

multiple linear regression analysis (stepwise). pIC50 values were
defined as the dependent variable, and the structural parameters
of PUH whole molecules were used as independent variables.
The predictive ability was cross-validated by the LOO method.
The equation of the QSAR model was concluded as follows:

pIC50 ¼ � 1:274þ 2:604ðlog PÞ2 þ 1:025ELUMO

þ ð� 0:002Þdihedral angle 1
n = 10, R2 = 0.932, q2 = 0.820, std error = 0.277, F = 27.295,

PF < 0.001. [The unit of ELUMO is eV; dihedral angle 1 is an angle
between C5�C6�C8 and C5�O�C8 units (Figure 2).]
In consideration of the hydrophobic parameter (log P)2,

electrical parameter (ELUMO), and steric parameter (a critical
dihedral angle), the QSAR model was established as above.
Diuron, neburon, chlorotoluron, linuron, monuron, buturon,
chlorbromuron, fluometuron, metobromuron, and monolinuron
were chosen as the training set to establish the model, and
isoproturon and fenuron were used as the test set to assess the
accuracy and predictive ability (Figure 4). As the trend line was
close to PUH training spots, to test spots, and to the line of y = x,
it was demonstrated that the model performed with high
correlation (R2 = 0.932) and predictive ability (q2 = 0.820).
The result revealed that (log P)2, ELUMO, and the dihedral angle
between C5�C6�C8 and C5�O�C8 units were significant
impacts to the antigen�antibody interaction.
Because the effects of groups and substructures that were more

concerned still did not receive enough information from this
traditional 2D-QSAR model, a substructure-level 2D-QSAR was
further considered to provide insights to antibody recognition.

Figure 3. Frame-aligned PUH molecules. Atoms on benzene and
connected bonds (atoms 1�8, Figure 2) are reference alignment atoms.
White sections are for carbon atoms, light blue are for hydrogen atoms,
red are for oxygen atoms, blue are for nitrogen atoms, and green are for
chlorine, bromine, and fluorine atoms.
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Substructure-Level 2D-QSAR. In order to explain the interac-
tion of PUHs�antibody deeply, the PUH structures were
separated into substructures. Common structure and different
groups labeled R1, R2, and R3 are shown in Figure 2. For each
substructure, parameters (surface areas, polarizabilities, log P,
and refractivities) were calculated. Afterward, parameters of both
whole molecules and substructures were considered and correla-
tion analysis was performed. It is shown that (log P)2 still
remained the highest correlation to pIC50 (r = 0.748), with
correlations of ELUMO and (log PR3)

2 to pIC50 that were 0.716
and 0.672, respectively.
Considering the results of traditional 2D-QSAR and substruc-

ture-level 2D-QSAR, it was revealed that, first and foremost, the
most important impact factor of PUH antibody recognition is the
whole PUH’s hydrophobicity (log P), which provides a quadratic
correlation to the antibody recognition descriptor pIC50. This
result confirmed well with the theory proposed by Ross and
Subramanian, which indicated that hydrophobicities contribute
significantly to compound�protein noncovalent interaction.31

Second, the frontier-orbital energy parameter ELUMO was mainly
responsible for antibody recognition. Increasing the ELUMO of a
PUH might decrease the value of IC50. Third, hydrophobicity of
the R3 group (log PR3) has a great impact on antibody recogni-
tion. This is probably because haptens connected with protein in
the end of the R3 group, so that R1/R2 groups were more easily
exposed to antibodies in animals’ bodies (Figure 1). As a result,
antibodies may recognize R1/R2 groups mostly. In the aqueous
environment of reaction, a polar R3 group may provide a

hydrophobic force for PUHs directed toward the antibodies,
making PUHs more easily identified and more strongly bonded
by antibodies. Furthermore, as mentioned above (Figure 3), the
hydrophobicity of R3 group changes the direction and angle of
the carbonyl group on phenylurea, which may also be identified
by antibodies and changed the antibody recognition. In our
previous work, a PUH hapten with four carbon atoms in the R3
group was designed and synthesized. However, the 4C hapten
generated mAb showed lower sensitivity than the 6C’s. As the
(log P)2 value of the 4C group was also lower than that of the 6C
group, this result coincided with our assumption mentioned
above.
HQSAR. Hologram QSAR is a relatively new computer

technique that avoids steps of complicated energy minimization
and aligning procedures which are required in 3D-QSAR.24 A
fragmenting approach that relates substructural components of
compounds to their biological activity is adopted. Each com-
pound is split into a set of unique fragments, forming a molecular
hologram of the compound.32 All possible fragments are color-
encoded to show how compounds affect the biological activity.
As far as we know, this is the first time HQSAR has been applied
to an antigen�antibody interaction study.
In our study, PUH molecules were imported to a Sybyl

database. The same as the 2D model, 10 PUHs were chosen as
the training set, and isoproturon and fenuron were chosen as the
test set. On the basis of the structures, a spreadsheet was created
and filled with the activity data (pIC50). On the basis of optimized
hologram parameters (hologram lengths = 97, atom count in
fragments = 3�5, and information sources were atoms, bonds, and

Figure 5. HQSAR model: experimental vs predicted pIC50 values by
the HQSAR method. Diuron, neburon, chlorotoluron, linuron, monur-
on, buturon, chlorbromuron, fluometuron, metobromuron, and mono-
linuron were chosen as the training set (blue circles), and isoproturon
and fenuron were chosen as the test set (red triangles). The trend line of
the training set (the blue solid line) was close to the PUH training spots,
test spots, and the y = x line (the black solid line). It demonstrated that
the model performed with high correlation and predictive ability.

Figure 4. 2D-QSAR model: experimental vs predicted pIC50 values by
multiple linear regression analysis. Diuron, neburon, chlorotoluron,
linuron, monuron, buturon, chlorbromuron, fluometuron, metobromur-
on, and monolinuron were chosen as the training set (blue circles), and
isoproturon and fenuron were chosen as the test set (red triangles). The
trend line of the training set (the blue solid line) was close to the PUH
training spots, test spots, and the y = x line (the black solid line).
It demonstrated that the model performed with high correlation and
predictive ability.
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hydrogen atoms), an HQSAR model was established that showed
high correlation (R2 = 0.972) and predictive ability (q2LOO =
0.752) (Figure 5). Fragments’ contribution to pIC50 is shown by
encoded color (Figure 6). Red and orange contours indicate
regions where fragments are a negative contribution to the
antigen�antibody interaction that increases antibody recognition.
On the contrary, the green and yellow regions represent positive
contribution that induces antibody recognition. Obviously, most
atoms of R1 and R2 groups have negative contribution to antibody
recognition. But when R1 and R2 on PUH molecules are all
substituted with chlorine, their contributions are positive or
neutral. This is probably because chlorine atoms in both groups
provide more similar properties as the hapten. Meanwhile, the R3
group always contributes positively to the reaction. To lengthen
the R3 groupmay increase the sensitivity of detection.However, in
the cases of monolinuron, chlorbromuron, metobromuron, and
linuron, the R3 groups are little contributive. Perhaps the con-
tributions are related to the replacement of the methoxyl group on
R3 and the presence/absence of ring substitutents.

Hapten�carrier linking groups are considered to be less
exposed to antibodies during immunization; thus, groups of
the analytes in the same position are widely considered to be less
contributive to an antigen�antibody reaction. However, as
deduced in the substructure-level analysis, these groups played
an important role on the antigen�antibody interaction. This
result coincided with our previous calculation and assumption.
It is important to demonstrate that the relationship between

PUH antibody affinities and log P is parabolic. Furthermore, R3
groups push the PUH molecules to antibodies hydrophobically
that improve the antibody recognition.
Sample Analysis. Recoveries of PUHs in water were deter-

mined by the icELISA. Sample water from Haihe River (Tianjin,
China) was spiked with three different concentrations of PUHs
(4, 20, and 100 μg L�1 for neburon; 20, 100, and 500 μg L�1 for
diuron; 400, 2000, and 104 μg L�1 for the other PUHs), 10-fold
diluted to PBS, and three replicates for each test were carried out;
the assay showed reliable results. The recoveries of developed
ELISA for all PUHs ranged from 77.05% to 121.71%. Details are

Figure 6. Fragments’ contribution to antibody recognition based on HQSAR analysis. Red and orange contours represent negative contribution; green
and yellow are for positive.
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shown in Figure 7. The result demonstrated that the mAb-based
immunoassay developed here can be suitable for the detection of
trace levels of PUHs in environmental water.

’CONCLUSION

A sensitive ELISA based on monoclonal antibody was estab-
lished for the detection of 12 PUHs (diuron, monuron, isopro-
turon, chlorbromuron, linuron, neburon, fluometuron, fenuron,
metabromuron, chlorotoluron, buturon, and monolinuron) with
all the LODs lower than 40 μg L�1. The detection sensitivities
(IC50) were 1.7�920.7 μg L�1.

To obtain insights into what/how properties and groups of the
PUH molecules affect the antigen�antibody interaction quanti-
tatively, QSAR methodologies were introduced, including tradi-
tional 2D-QSAR, substructure-level 2D-QSAR, and HQSAR.
Correlation analysis and multiple linear regression analysis were
carried out, and relative models were constructed. The results
demonstrated the following: (1) The most important impact on
PUH antibody recognition is the PUHs’ hydrophobicity (log P),
which provides a quadratic correlation to the antibody recogni-
tion descriptor pIC50. (2) The frontier-orbital energy parameter
ELUMO is mainly responsible for antibody recognition. (3)
Although the R3 group is less exposed to antibodies and
considered to be less contributive, the hydrophobicity of the
R3 group has a great positive contribution to antibody recogni-
tion. To lengthen the R3 group may increase the sensitivity of
detection. (4) The R1 and R2 groups have negative contribution
to antibody recognition. However, R1 and R2 on PUHmolecules
contribute positively or neutrally when they are with chlorine
atoms on both groups that are same as the hapten.

As far as we know, the consideration of the Hansch equation,
the substructure-level 2D-QSAR analysis, and the introduction of
HQSAR were all for the first time applied in this study of the
antigen�antibody interaction. This method can provide more
information and deeper insights into the mechanism of the
antigen�antibody reaction.
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